A reminder can temporarily renew flexibility of consolidated memories, referred to as reconsolidation. Pavlovian threat-conditioning studies suggest that a reminder can renew flexibility of threat responses but that episodic memories remain stable. In contrast, outside the threat-conditioning domain, studies testing memory for word lists or stories find that a reminder can renew flexibility of episodic memory. This discrepancy in findings leaves it unclear if episodic memories reconsolidate, or only Pavlovian responses. Here we unite the different approaches in the field and show that a reminder can retroactively strengthen episodic memory for Pavlovian threat-conditioned events, but that, in contrast to threat-conditioning studies with simple sensory stimuli, extinction after a reminder fails to prevent recovery of generalized threat responses. Our results indicate the episodic memories also reconsolidate, allowing strengthening of relevant memories. These findings also suggest that generalized threat responses and episodic memories are less susceptible to be modified by reminder-interventions procedures.
The traditional view of memory is that new memories are initially flexible and sensitive to interference but stabilize over time during a consolidation period after which they remain essentially unchanged 1 . Emerging research over the past decade or so has challenged this traditional view of memory by suggesting that an isolated reminder can momentarily renew the flexibility of a consolidated memory so that it requires stabilization processes to be maintained, referred to as reconsolidation for reviews see [2] [3] [4] [5] [6] . Another major accomplishment of memory research is the appreciation that there are multiple memory systems that underlie different forms of behavioural expression [7] [8] [9] [10] . Although reconsolidation is posited as a general theory of memory 2, 3, 11 it is unclear whether reconsolidation occurs in all memory systems.
The majority of evidence for reconsolidation comes from studies with laboratory animals that use Pavlovian threat (fear) -conditioning paradigms with simple sensory stimuli (e.g. a tone predicts electrical shock). These studies show that interventions following an isolated reminder can modify threat-related defensive responses, such as freezing, and reverse neural signatures of memory consolidation within the amygdala (e.g. local field potentials, immediate early gene expression, and AMPA receptor trafficking), a region critical for this behavioural expression of threat memory for reviews see 2, 3 . Mirroring these findings, research with humans using threat-conditioning paradigms with simple sensory stimuli (i.e. a picture predicts electrical shock) also show that interventions in combination with an isolated reminder can diminish threat-related defensive responses such as startle or sweat responses 12, 13 . Despite a diminishment of threat responses, participants in these studies can still report the contingency between the pictures and shocks 12, 14 , a form of memory expression that is thought to depend on the hippocampus 15 . This has led some researchers to suggest that interventions targeting reconsolidation are optimal therapeutic techniques because they only affect threat responses and leave episodic memory intact. However, in threat-conditioning studies with simple stimuli the demand on episodic memory is small, and conditional threat responses can be acquired in the absence of episodic memory [16] [17] [18] . What is more, measures such as defensive responses or explicit knowledge of stimuli-shock contingencies are limited assays. They provide a single measure of behavioral expression that reflects an aggregate over the entire history of learning experiences. They do not allow testing of episodic memory for the individual events of an experience. Thus it is unclear from threat-conditioning studies if an isolated reminder only renews flexibility of learned threat responses or also of episodic memories.
Outside of the threat-conditioning domain, studies in humans testing memory for word lists or stories reveal that interventions following a reminder can result in time-dependent modification of episodic memories [19] [20] [21] [22] [23] [24] . The few studies that have investigated reconsolidation of such hippocampus-dependent memories yield more mixed results than threat-conditioning studies with studies showing weakening 20, 21, 24, 25 , strengthening [19] [20] [21] [22] [23] [24] 26 , or updating [19] [20] [21] [22] [23] [24] of episodic memory following a reminder. Studies with laboratory animals have demonstrated reconsolidation of hippocampus-dependent spatial memories, using experimental paradigms such as contextual threat conditioning 27, 28 , inhibitory place avoidance 29 , conditioned place preference 30 , and the Morris water maze 31 . However these studies have not tested for the episodic details of the learning experience. Therefore, behavioural and neural evidence for reconsolidation in animals provide limited support to studies on reconsolidation of episodic memory in humans. Thus studies outside the threat-conditioning domain suggest that episodic memories can become flexible, but because of the difference in experimental paradigms it is unclear if findings on the flexibility of episodic memory in humans reflect the same reconsolidation mechanisms as revealed by studies with laboratory animals. Interestingly, to date no human reconsolidation study has comprehensively tested episodic memory for a Pavlovian threat learning experience.
The objective of the present study was to unite the reconsolidation literature and bridge the translational gap between animal and human studies by investigating whether a reminder can renew flexibility of episodic memory for threatening events. To achieve this, we probed the effect of an isolated reminder on episodic memory within a Pavlovian category threat-conditioning procedure 32 . During category threat-conditioning participants see unique items from a specific category that predict the possibility of an aversive outcome. As no single item repeats, only an items' membership of a specific category has predictive value and threat responses generalize to novel items of the reinforced category. The use of novel unique items increases episodic memory demands and allows subsequent testing of episodic memory for the individual items 32, 33 . We integrated the category threat-conditioning procedure within a reminder-extinction paradigm 34 that has provided supporting evidence that an isolated reminder can renew flexibility of threat memories in rodents and humans 13, [34] [35] [36] [37] [38] [39] [40] , but see refs [41] [42] [43] . In a between-subjects experiment over three consecutive days, forty-eight healthy adult participants were differentially conditioned to trial-unique items from a specific category signalling threat (CS+) of transcutaneous electrical shock (US) or safety (CS−) during acquisition on day 1 (see Methods and Fig. 1 ). The CSs were images of fish and birds and the category that served as CS+ and CS− was counterbalanced across subjects. On day 2, participants in one group (reminder group) but not the other group (no-reminder group) were presented with an isolated reminder of the CS+ category. After a 10-minute break both groups underwent extinction. Importantly, the reminder and extinction items were trial-unique and different from acquisition. On day 3, we tested if participants recognized which items (from day 1 and day 2) had been presented during the study (item recognition test). As episodic memory is defined by the ability to retrieve contextual information pertaining to a specific experience that occurred 9 , we also assessed the effect of a reminder on participants' ability to remember when events had happened (temporal context test) and whether or not it had co-terminated with a shock (associative context test), and their ability to estimate how many shocks they had received (shock estimation test). Critically, this experimental design allowed us to test the effects of a reminder on items only ever encountered 24 h earlier and thereby isolate the retroactive effect of reconsolidation, the focus of our interest here. Besides tests of episodic memory we also probed the recovery of generalized threat responses following the reminder-extinction procedure.
The prediction from the threat conditioning reconsolidation literature was that a reminder would leave episodic memory unaffected. In contrast, the predictions from the episodic memory reconsolidation literature were that a reminder before new learning would weaken 20, 25 , strengthen 21, 26, 28 , or update 19 episodic memory. Note that most studies on reconsolidation have used manipulations to impair normal brain function following a reminder to interfere with the behavioural expression of memory. However, reconsolidation itself is not dependent on post-reminder manipulations and in the absence of such manipulations reminders have been found to affect memory -particularly strengthening of hippocampal-dependent memories -via a reconsolidation process 26, 28, 44 . We found that an isolated reminder resulted in a retrograde and anterograde strengthening of episodic memory selective for item members of the reinforced category. But in contrast to threat-conditioning studies with simple sensory stimuli, we found that the reminder-extinction procedure did not prevent recovery of generalized threat responses. Finally, we conducted a follow-up control experiment in which a group of participants followed the exact same procedure as our reminder group, but here memory was tested immediately after the reminder-extinction procedure on day 2. This control experiment confirmed that the strengthening of episodic memory by a reminder is time-dependent, consistent with a reconsolidation phenomenon 2 .
Results
An isolated reminder selectively strengthened recognition memory. Our primary analyses of interest investigated the effect of an isolated reminder on subsequent episodic memory. During the item recognition test on day 3, participants again saw the trial-unique items from acquisition and extinction interspersed with an equal number of novel lure items. We assessed participants' ability to recognize old items and discriminate them from new items by calculating a d-prime score for CS+ and CS− items from acquisition and extinction separately (Methods). A group (reminder, no-reminder) × task (acquisition, extinction) × CStype (CS+, CS−) repeated measures ANOVA on the d-prime scores revealed a CStype × group interaction (F 1, 36 = 2.720, p = 0.004, η 2 = 0.205) and no main effects or other interactions. Follow-up t-test indicated that the reminder group had better recognition memory for CS+ than CS− items from both acquisition and extinction whereas the no-reminder group showed no difference between the CS+ and CS− items (Fig. 2 , also for additional statistics). To ensure that the group difference in recognition memory was an effect on discrimination ability and not confounded by differences in a response bias to endorse any item as 'old' we calculated a criterion score for the CS+ and CS− items from conditioning and extinction separately (Methods). We found no evidence for group differences on criterion scores (p > 0.2). The reminder group thus had better memory specifically for CS+ items from both acquisition and extinction and we found no evidence that this effect was confounded by differences in response bias.
An isolated reminder selectively strengthened temporal context memory. Having found an effect of an isolated reminder on item recognition we next assessed the effect of the reminder on contextual memory associated with the items. We measured participant's ability to correctly indicate the temporal context of an item, i.e. whether an item had been presented on day 1 or day 2 by calculating a corrected memory score (correct -incorrect responses) for CS+ and CS− items from the acquisition and extinction separately (Methods). The corrected memory scores were submitted to a group (reminder, no-reminder) × task (acquisition, extinction) × CStype (CS+, CS−) repeated measures ANOVA. Memory performance for temporal context differed between groups (CStype × group: F 1, 36 = 7.156, p = 0.011, η 2 = 0.166). Follow-up t-tests revealed that the reminder group had better memory for the temporal context specifically for CS+ items (Fig. 3 , also for additional statistics), although both groups were inclined to respond that CS+ items had been presented during acquisition irrespective of items' actual temporal context and were unable to discriminate the temporal context of CS− items (task: An isolated reminder selectively strengthened shock estimation memory. We also asked participants at the end of the study to estimate the number of shocks that co-terminated with images of the CS+ and CS− category. Note that ten shocks co-terminated with the CS+ on day 1 only. The shock estimation scores were entered into a CStype (CS+, CS−) × group (reminder, no-reminder) repeated measures ANOVA. Participants in the reminder group estimated having received more shocks paired with the CS+ category than no-reminder group (CStype × group: F 1, 36 = 5.408, p = 0.026, η 2 = 0.111; Fig. 4 , also for additional statistics). Follow-up t-tests Over 3 consecutive days participants were differentially conditioned to trial-unique items from a specific category (fish versus birds, counter-balanced across participants) signalling threat (CS+) of transcutaneous electrical shock (US) and unique items signalling safety (CS−) on day 1. On day 2, an isolated reminder was presented to one group (reminder group) but not the other (no-reminder group) by presentation of a novel trial-unique item that was the most prototypical exemplar of the CS+ category. Next, both groups underwent extinction to novel trialunique items. On day 3, following reinstatement, the recovery of threat-related responses (skin conductance responses, SCR) to novel unique items was assessed. Critically, we tested participants' recognition memory for the unique items, the items' temporal context and associative context, and participants' ability to estimate the number of received shocks. Responses during the memory tests were made on a six point likert scale (inset). In a follow-up control experiment, a group of participants followed the same procedure as the reminder group except that all memory tests were conducted after the reminder-extinction procedure on day 2. Images were obtained from Lifeonwhite.com. This figure is not covered by the CC BY license. © Lifeonwhite.com. All right reserved, used with permission.
revealed that the estimation of the number of shocks by the reminder group was not different from the actual number (t(17) = 0.640, p = 0.531; 10.6667 ± 0.1.0416). The no-reminder group, in contrast, marginally underestimated the number of shocks that were paired with CS+ items (t(19) = −2.046, p = 0.055; 8.550 ± 0.7089). Thus, the reminder group had better memory for the number of received shocks.
An isolated reminder before extinction did not prevent the recovery of generalized threat responses. Having found that an isolated reminder strengthens episodic memory for threatening events, we also probed the effect of the isolated reminder before extinction on learned threat responses indexed by skin conductance responses. A group (reminder, no-reminder) × phase (early phase, late phase of task) × CStype (CS+, CS−) repeated measures ANOVAs on the mean SCRs revealed comparable acquisition of conditioned threat responses on day 1 (phase × CStype: F 1, 36 = 23.431, p < 0.001, η 2 = 0.394; see Methods, Supporting Tables 1 and 5 also for additional statistics). As we only included non-reinforced items in our analyses this indicated that threat responses generalized to novel items of the reinforced category, replicating previous research 32, 33 . On day 2 we observed retention and subsequent extinction of generalized threat responses in both groups (phase × CStype: F 1, 36 = 3.356, p = 0.075, η 2 = 0.085) that was complete by the last trial of extinction. Based on previous studies 13, 34, 37, 39 that used threat-conditioning paradigms with simple sensory stimuli, we hypothesized that the reminder-extinction procedure might prevent the recovery of generalized threat responses. To test this hypothesis we assessed, following a reinstatement procedure where four unsignalled shocks were administered to increase arousal levels, the recovery of SCRs to novel trial-unique items of the CS+ and CS− category on day 3. We calculated a delta-recovery score as the increase in SCRs from the last trial of extinction to the first trial of the recovery test for the CS+ and CS− separately (Methods). We ran a CStype (ΔCS+, ΔCS−) × group (reminder, no-reminder) repeated measures ANOVA and found greater recovery of SCRs to the CS+ than CS− across both groups (CStype: F 1, 36 = 11.377, p = 0.002, η 2 = 0.240, with no other main effect Thus, in contrast to studies that used threat-conditioning paradigms with simple stimuli, an isolated reminder of memory for a threatening category before extinction did not prevent the recovery of generalized threat responses.
The effects of an isolated reminder on memory are time-dependent. We conducted a follow-up control experiment identical to the design of the reminder group with the exception that all memory tests were conducted on day 2 immediately after the reminder-extinction procedure (see Fig. 1 ). We hypothesized that in the reminder group where we tested memory immediately we would not detect memory strengthening, as reconsolidation is a time-dependent process and would not yet have completed. A group (reminder, reminder immediate test) × task (acquisition, extinction) × CStype (CS+, CS−) repeated measures ANOVA on the d-prime recognition memory scores revealed a CStype × group interaction (F 1, 32 = 4.410, p = 0.044, η 2 = 0.121) and a main effect of CStype (F 1, 32 = 6.663, p = 0.015, η 2 = 0.171) and no other main effects or other interactions. Where we found that the reminder group at the 24 h memory test had better recognition memory for CS+ than CS− items from both acquisition and extinction (see above) the reminder immediate memory test group did not (Fig. 2b , also for additional statistics). For the temporal context memory scores a group (reminder, reminder immediate test) × task (acquisition, extinction) × CStype (CS+, CS−) repeated measures ANOVA revealed a main effect of task (F 1, 32 = 14.558, p = 0.001, η 2 = 0.313), CStype (F 1, 32 = 4.427, p = 0.043, η 2 = 0.122), and task × CStype interaction (F 1, 32 = 10.379, p = 0.003, η 2 = 0.245), but no differences between groups (Ps > 0.2). Yet where the reminder group at the 24 h test had been able to accurately indicate the source of CS+ items across acquisition and extinction, and did so better than the no-reminder group, the reminder immediate test group was not able to do so (Fig. 3b, also , CS+ (red), CS− (blue), acquisition = items that were presented during acquisition, extinction = items that were presented during extinction, error bars reflect SEM. Follow-up one sample t-tests revealed that participants accurately indicated CS+ items from acquisition to be from day 1 (t(37) = 5.045, p < 0.001), but also inaccurately indicated CS+ items from extinction to be from day 1 (t(37) = −2.614, p = 0.013), and were not able to differentiate CS− items from acquisition (t(37) = 0.947, p = 0.350) and extinction (t(37) = 0.388, p = 0.701). Follow-up paired samples t-test revealed a difference in memory performance between CS+ items from acquisition and extinction (t(37) = 4.322, p < 0.001; CS+ acquisition: 0.5533 ± 0.1097; CS+ extinction: −0.388 ± 0.1485) but no difference for CS− items (t(37) = 0.290, p = 0.773; CS− acquisition: 0.0894 ± 0.0945; CS− extinction: 0.0441 ± 0.1137). Follow-up independent samples t-tests on temporal context memory scores averaged across CS+ items from acquisition and extinction (inset) revealed better memory in the reminder group than in the no-reminder group for the CS+ at trend (t(36) = −1.845, p = 0.073; noreminder: −0.0395 ± 0.0778; reminder: 0.2128 ± 0.1193). (b) The reminder immediate test group (right panel, solid bars, N = 16) was able to accurately indicate the source of CS+ items from acquisition (t(15) = 7.114, p < 0.001: 0.7489 ± 0.1052) but not extinction nor did they inaccurately indicated items from extinction to be from acquisition (t(15) = −1.728, p < 0.105; reminder immediate group: 0. −0.4584 ± 0.2653) revealed by one-sample t-test. Averaging across CS+ trials from acquisition and extinction revealed that the reminder extinction group was overall not able to discriminate the source of items correctly (t(15) = 1.223, p = 0.240: 0.1452 ± 0.1188).
(F 1, 32 = 4.441, p = 0.043, η 2 = 0.122) and a main effect of CStype (F 1, 32 = 152.346, p < 0.001, η 2 = 0.826). Similar to the no-reminder group, the reminder immediate group underestimated the number of shocks that were paired with CS+ items at trend (Fig. 4b , also for additional statistics). For skin conductance response a group (reminder, reminder immediate test) × phase (early phase, late phase of task) × CStype (CS+, CS−) repeated measures ANOVAs revealed comparable acquisition of conditioned threat responses (phase × CStype: F 1, 32 = 29.784, p < 0.001, η 2 = 0.482), retention and extinction of threat responses (phase × CStype: F 1, 32 = 8.220, p = 0.007, η 2 = 0.210) that was complete by the last trial of extinction (Fig. 5b , also for additional statistics). For the delta-recovery score a CStype (ΔCS+, ΔCS−) × group (reminder, reminder immediate test) repeated measures ANOVA indicated greater recovery of SCRs to the CS+ than CS− across both groups (CStype: F 1, 32 = 6.041, p = 0.020, η 2 = 0.163, with no other main effect or interaction ( Fig. 5 for additional statistics) . Thus, the reminder strengthened episodic memory but did not prevent the recovery of threat responses in a time-dependent manner, consistent with reconsolidation phenomena.
Discussion
Here we tested the effect of an isolated reminder on episodic memory for events associated with a Pavlovian threat learning experience. An isolated reminder of memory for a threatening category resulted in retrograde and anterograde strengthening of recognition memory that was selective to items related to the reinforced category. Testing for contextual memory associated with the items revealed that participants in the reminder group were better at estimating when items related to the reinforced category had been presented, although participants in both groups were inclined to indicate that items related to the reinforced category had been presented during acquisition regardless of whether the items had been presented during acquisition or extinction. A test of participants' ability to estimate the number of shocks that had co-terminated with the category exemplars showed that the reminder group was better than the no-reminder group in estimating the number of shocks that had co-terminated with items of the reinforced category. In contrast to reminder-extinction studies with simple sensory stimuli, we found that a reminder of memory for a threatening category before extinction did not prevent the recovery of generalized threat responses. Thus an isolated reminder before extinction selectively and retroactively strengthened episodic memory for threatening events, but did not disrupt generalized threat responses as assessed by SCR. A follow-up control experiment confirmed that strengthening of episodic memory by a reminder was time-dependent, consistent with a reconsolidation explanation.
Our results suggest that a reminder can selectively strengthen episodic memory for threatening events. Most studies on reconsolidation have used manipulations to impair normal brain function (e.g. protein synthesis inhibitors or electroconvulsive shock) following a reminder to impair the behavioural expression of memory. As a result, reconsolidation is commonly considered a mechanism by which long-term memories are impaired or even 'erased' . But both animal and human studies have shown that in the absence of interference a reminder can enhance episodic (-like) memory 20, 25, 26, 28, 45 . Here we extend those findings by showing that a reminder does not lead to a generic memory enhancement but affects relevant memories specifically. A reminder might, alternatively, allow updating or integration of an old memory with new information 19 . Although participants in our reminder group had better memory for items related to the reinforced category, we did not observe group differences in response bias. This is notable because the foils were similar to the target items, making the memory test difficult and likely requiring pattern separation processes see also ref. 46 . Furthermore, this indicates that the reminder strengthened the memory representation of individual items and not simply increased the likelihood of retrieving any items of the threatening category as being old. The reminder group, moreover, was better at discriminating the temporal context of items of the reinforced category. Note, however that because the item memory test was conducted before the temporal and associative context test the former may have affected the latter even though we observed no correlations between critical performance measures on the different tests (P > 0.1). These results are most in line with an interpretation that a reminder resulted in selective strengthening of episodic memory (see Supporting Information for further discussion). Moreover, the isolated and unique reminder retroactively strengthened memory for items that were presented only once 24 hours earlier, and our control experiment confirmed that this effect was time-dependent. We therefore suggest that, akin to the proposed function of consolidation 47 , reconsolidation may allow for the competitive selection of relevant information to become permanently stored.
A critical concern is the mechanism that resulted in the strengthening of episodic memory. The design of our paradigm followed previous studies that have provided evidence for reconsolidation 13, 34, 37, 48 and the retroactive strengthening of episodic memory we observed was dependent on a reminder and the passage of time, meeting critical criteria to demonstrate reconsolidation 21, 49, 50 and mimic previous animal and human studies showing that a reminder can enhance episodic (-like) memory via reconsolidation processes 26, 28, 44 . We therefore suggest that the retroactive strengthening of episodic memory that we observed resulted from reconsolidation. Alternatively, the effect of a reminder on episodic memory may have resulted from a "testing effect", reflecting re-encoding or strengthening of retrieval processes 51, 52 . First, it is important to note that the reminder did not explicitly test episodic memory. Further, our control experiment revealed that the reminder cue enhanced subsequent memory tested 24 h later compared to memory tested immediately after the reminder. In contrast, to the best of our knowledge, testing effects do not enhance memory at delayed tests relative to immediate memory tests but protect memory from forgetting 52 . In addition, in our study the reminder cue enhanced memory for non-tested items that were encoded 24 h earlier. We are unaware of reports showing that testing effects generalize to non-cued items unless they are integrated during study 53, 54 . Finally, the reminder group showed more accurate episodic memory and not simply an increased likelihood to retrieve any items of the threat category as old, suggesting that the reminder strengthened individual memory representations and not the retrieval likelihood of the category. Unexpectedly the reminder cue also resulted in anterograde strengthening of items encoded during extinction. Our follow-up control experiment showed that this anterograde memory effect was also time-dependent and thus required a (re)consolidation process. One possibility is that the anterograde strengthening of memory reflects a test effect see refs 54 and 55. However, again, the reminder did not explicitly test episodic memory, but did enhance memory and not merely protect against forgetting, and generalized to non-cued items. A second possibility is that the reminder cue enhanced attention during subsequent extinction learning but we did not observe better learning during extinction as expressed in SCR, and an enhanced attention explanation would predict better memory on the immediate memory test, which we did not observe. A third possibility is that items from extinction are enhanced due to reconsolidation of the items from acquisition triggered by the reminder cue. Reconsolidation has been postulated to serve an updating mechanism 19 , during which an old memory is updated with new information. It is conceivable that the reactivation of old items and activation of new items within the reconsolidation window resulted in an integration of episodic memory. In sum, we suggests that the retrograde effects of a reminder cue on the time-dependent strengthening of episodic memory for threatening events is most in line with a reconsolidation explanation, however the unexpected anterograde strengthening of items from extinction is more difficult to explain and we can not fully exclude a testing effect. A critical task for future studies is to delineate whether the reminder cue results in a reconsolidation induces change in neural memory representations, a testing effect induced change in retrieval mechanisms, or a change in attention mechanisms that affect new learning.
Our results also speak to the efficacy of a reminder to renew flexibility within an episodic memory network. Previous studies on reconsolidation of episodic-like hippocampal dependent memories with laboratory animals used re-exposure to context as a reminder 26, 28, 29, 31, 44, 56 . Human studies on episodic memory reconsolidation have used a basket, which contained the to-be-tested memoranda, as a reminder 19, 22, 23 , used cues to fully retrieve autobiographical memories 24 , used word stems as a reminder of memorized words 20 , or the first slide of a memorized slide show as a reminder 21 , and the context in which the reminder is presented may be critical to initiate reconsolidation of episodic memory 23 . Studies in the threat conditioning domain have generally used single trials of the same stimulus as presented during acquisition as a reminder as longer presentations or repeated exposure result in extinction not reconsolidation 57 . We aimed to reactivate memory for a threatening category by presenting the novel most prototypical exemplar of the threat-conditioned category. We did so because prototypical exemplars of a category provide the strongest source of generalization 58 and we hypothesized that using such an item as a reminder might result in the most wide-spread reactivation of the associative memory network. The use of the most prototypical category exemplar as a reminder may have been critical to renew memory flexibility and result in the selective retroactive strengthening of episodic memory (see Supporting Information). Our observations confirm previous research indicating that a reminder does not need to be the exact replica of the original learning experience 59 and indicate that a reminder can renew flexibility throughout an associative episodic memory network that, following a recent proposal on the characteristic of cognitive structures of memory 60 , may be more schematic than categorical (see Supporting Information for discussion). Collectively, this suggests that a reminder should be brief and critical to a memory network to initiate reconsolidation of episodic memories.
Generalization of threat responses is a hallmark of fear-and anxiety-related disorders. Our results have implications for the ability to modify generalized threat responses. We found retention, extinction, and recovery of generalized threat responses to novel events related to the reinforced category, extending previous findings that showed acquisition of generalized threat responses to category items 32, 33, 61 . Our results indicate that extinction, which is thought to underlie exposure treatment, is effective to reduce generalized threat responses and does not necessarily require re-exposure to the original threatening events. This finding is relevant because it is rarely possible to perform exposure treatment to the original events that induced trauma or to all events that evoke threat responses. However, akin to research using threat conditioning with simple stimuli we found that extinguished threat responses can be reinstated, limiting the clinical effectiveness of extinction training. Furthermore, in contrast to research using threat conditioning with simple stimuli 13, 34, [62] [63] [64] , we found that an isolated reminder of memory for a threatening category before extinction did not prevent the recovery of generalized threat responses (see also Supporting Information for our pilot study). This finding is in line with other research that found recovery of threat responses to simple stimuli following a reminder-extinction procedure in humans [41] [42] [43] . The use of a category threat conditioning may have increased the likelihood of threat recovery. As all items are novel and unique, participants have no experience whether a particular item is threatening or not and may therefore approach any new item of the threat category with caution. Our associative context task revealed that participants were well able to remember which category was associated with shocks but poor at identifying which particular items had been paired with a shock. This finding indicates that participants do not remember individual items-shock pairing but respond to items as part of their category membership. As participants at the time of the recovery test still remember which category was associated with a shock the activation of the category representation by a given item may evoke a threat response. Note, however, that this is true for both the reminder and no-reminder condition and can therefore not explain the absence of a difference in threat recovery between groups. Finally, we note that our item recognition, temporal-and associative context tests tested memory at a item level whereas our recovery test tested memory at a category level, possibly explaining differences between the observed effects of the isolated reminder on episodic memory and generalized threat responses. However, we also observe strengthening of episodic memory by the reminder on the shock estimation test, which also tests memory at a category level. For future studies it would be interesting to investigate if recovery would also be observed if participants were presented with the original items from acquisition. To conclude, the effectiveness of the reminder-extinction procedure to prevent the recovery of generalized threat responses may thus be limited.
A critical question for future research pertains to the optimal conditions that allow the renewal of memory flexibility and modification of threat responses. We speculate that our inability to attenuate generalized threat responses following a reminder may have resulted from a failure to renew flexibility of a sufficient number of item-US associations or of an association between the US and a higher-order representation of the category. Research that has used multiple conditioned CS+ s indicates that interventions only attenuate threat responses to a reminded CS+ but not a non-reminded CS+ 13, 48 or indirectly reminded CSs 65 . Interestingly, interventions following the use of the US as a reminder can attenuate threat responses to multiple CS+ s associated with the US 66 . It would be intriguing for future research to test if using a US as a reminder of memory for a threatening category would allow interventions to prevent the recovery of generalized threat responses. Further, we speculate that the increase in episodic memory demands may have resulted in a threat memory representation that is intrinsically less flexible. The formation and storage of threat memories for simple stimuli are supported by plasticity in a relative small number of neurons in the amygdala 67 . The formation of a category threat memory involves plasticity in a large region of representational neocortex 61 . Differences in neural architecture or molecular mechanisms between brain regions may explain limitations in the renewal of memory flexibility and the possibility to attenuate generalized threat responses after a reminder 3, 68 . It would be interesting to test if other interventions (e.g. medication or electrical stimulation) can attenuate generalized threat responses. Finally, the reminder may have initiated reconsolidation of generalized threat responses but not have strengthened responses, unlike our observations for episodic memory. Interestingly, strengthening of episodic memory due to reconsolidation -in the absence of an intervention method -has only been reported for hippocampal-dependent forms of memory 26, 28, 44 not amygdala-dependent forms of memory. Furthermore, reconsolidation can catalyze systems-consolidation of episodic-like memories 44 and as such specifically affect episodic memory for threatening events as tested here, which may depend on amygdala-hippocampal-cortical interactions 61, 69 . This strengthening of episodic memory via reconsolidation may also explain why threat responses are less sensitive to disruption when they involve greater episodic memory demands.
To conclude, by using more comprehensive analyses of episodic memory within a Pavlovian threat-conditioning paradigm we provide evidence that an isolated reminder can renew flexibility of episodic memory and result in selective strengthening of episodic memory for events associated with a Pavlovian learning experience. Our results unite findings on the flexibility of episodic memory following a reminder from studies on reconsolidation that have used threat-conditioning paradigms and those that specifically focussed on episodic memory, and bridge the gap between studies investigating reconsolidation of episodic memory in humans and studies investigating reconsolidation of threat responses in animals. We also demonstrated that a reminder before extinction did not prevent the recovery of generalized threat responses. This implies that the effectiveness of the reminder-intervention procedures to target and change specific learned responses and memories that contribute to maladaptive mental states and behaviours may be limited. Together our results provide supporting evidence for reconsolidation of episodic memories and indicate that reconsolidation may allow for the selective strengthening of relevant episodic memories, highlighting the flexible nature of memory.
Methods
Participants. Forty-eight healthy adult participants were included in the study (see Supporting Information for inclusion/exclusion criteria). The study was approved by the University Committee on Activities Involving Human Subjects at New York University. All participants provided written informed consent. All methods were carried out in accordance with the Declaration of Helsinki. In a between-subjects design participants were randomly assigned to the reminder or no-reminder group. To ensure that we could assess the effect of an isolated reminder on episodic memory for an aversive Pavlovian learning experience, participants were excluded from analyses if differential conditioning could not be established because electrodermal recordings failed during the tasks due to technical problems (N = 6) or if participants did not acquire threat responses (mean SCR to CS+ > mean CS− during late phase of conditioning, N = 4). The final reminder group comprised 18 participants (7 males, 11 females; age: 21.1667 ± 2.0934, range: 18-26) and the no-reminder group 20 participants (10 males, 10 females; age: 22.900 ± 2.5526, range: [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] . For the follow-up control experiment an additional twenty-two participants were included, 3 did not complete the study, 3 did not acquire differential threat responses. The reminder immediate memory group thus comprised 16 participants (males 3, females 13; age: 20.6350 ± 2.8773, range: 18-28), but as one participant did acquire differential threat responses but SCR measurements saturated on day 2 this participant was taken along for episodic memory analyses but could not be included for SCR analyses. There were no differences in age, gender, or shock intensity setting between groups.
Tasks. The study was conducted over three consecutive days. Day 1: acquisition. Day 2: An isolated reminder (reminder group) or not (no-reminder group) and extinction. Day 3: reinstatement, recovery test, and episodic memory tests. The experiment was conducted in the same test room on each day and SCR electrodes (see below) were attached during all conditioning tasks (acquisition, reminder, extinction, reinstatement, recovery test). In a follow-up control experiment a group of participants followed the exact same procedure as our reminder group, but here memory was tested immediately after the reminder-extinction procedure on day 2 (Fig. 1) .
Acquisition. Day 1 consisted of a category discrimination delay-conditioning task with partial reinforcement 13, 32, 37 . Participants were instructed that they would see on a computer screen pictures of fish and pictures of birds while they could receive shocks, to pay attention to the computer screen, and told that a relationship existed between the stimuli and the shocks. The level of shock intensity was calibrated before the start of the experiment using an ascending staircase procedure. Participants were instructed that the intensity should be set at a level that was "maximally uncomfortable without being painful" and to stop the calibration once the intensity had reached this level. The staircase procedure started with a low voltage setting near a perceptual threshold and was increased after each shock until participants told the experimenter to stop. The shock intensity was kept at the same level for the remainder of the study. The CSs were trial-unique images of fish and birds presented on a grey background for 4 seconds, with an 11, 12, or 13 seconds inter-trial interval during which a fixation cross was presented. The US was a 200 ms mild electric shock delivered to the wrist (Grass Medical Instruments stimulator, West Warwick, Rhode Island) that co-terminated with the CS+. During acquisition there were 10 presentations of the CS+ that co-terminated with the US, and intermixed with an additional 10 CS+ trials (50% reinforcement rate) and 20 CS− trials that did not co-terminate with the US. The first trial was always a CS+ that co-terminated with the US and therefore excluded from SCR analyses accounting for orienting responses. For all tasks the order of the different trial types was pseudo-randomized so that no more than 2 trials of the same type occurred in a row.
Reminder and extinction. On day 2 only the reminder group was reminded of the CS+ category by the isolated presentation of a novel item that was the most prototypical exemplar of the CS+ category. Both groups then watched a video (BBC Planet Earth) for 10 min before extinction training on novel unique items. Extinction included 12 (reminder group) or 13 CS+ trials (no-reminder group) and 12 CS− trials without the US. As the reminder trial is also a non-reinforced CS+ trial, the addition CS+ trial during extinction was included for the no-reminder group to keep the total number of non-reinforced items equal as in previous studies 13, 34 . The first trial was always a CS− trial and disregarded to account for the orienting response 13, 37 .
Memory tests. The reminder and no-reminder group of the main experiment conducted memory tests on day 3, whereas the reminder group in the follow-up control experiment completed these on day 2. First, four unsignalled USs (ITIs 20, 30, 25, 15 seconds) were administered to reinstate threat responses. Next, participants underwent a recovery test on novel and unique items including 10 CS+ and 10 CS− trials. During all sessions (acquisition, reminder, extinction, and recovery) with the exception of the breaks, SCR and shock electrodes were attached to the participants and the shock stimulator was set to the 'on' position. Following the recovery test participants performed a surprise subsequent item recognition memory task. All unique items from acquisition (20 CS+, 20 CS−) and extinction (12 CS+, 12 CS−) were again presented intermixed with an equal number of novel items for each category. Participants indicated whether stimuli were old or new on a six-point likert scale (very sure old, sure old, probably old, probably new, sure new, very sure new). Next participants performed a temporal context memory test. All unique items from acquisition and extinction were again presented (without novel items), as during the item recognition test, and participants indicated whether stimuli had been presented on day 1 or on day 2 on a six-point likert scale (very sure day 1, sure day 1, probably day 1, probably day 2, sure day 2, very sure day 2). Participants then performed an associative context memory test. All unique items from acquisition and extinction were again presented, as during the temporal context memory test, and participants indicated whether the stimuli had been followed by a shock on a six-point likert scale (very sure shock, sure shock, probably shock, probably no shock, sure no shock, very sure no shock). For all memory tests images were presented according to two randomization orders for each category and two orders for CS type so that the randomization was balanced across groups and across CS categories. Images were presented for 3 seconds with a 1 second ISI. Finally participants completed the shock estimation memory questionnaire 14 , on which participants estimated the number of shock they thought had followed images of either category.
Episodic memory analyses. D-prime and criterion scores were calculated 70 for the item recognition memory task for CS+ and CS− items from acquisition and extinction separately. Hit rate was calculated for CS+ and CS− items separately as the total number of 'very sure old' , 'sure old' , 'probably old' responses divided by the total number of response to old CS+ or CS− items. False alarm rate (FA) was calculated as the total number of 'very sure old' , 'sure old' , 'probably old' responses divided by the total number of response to new CS+ or CS− items. If hit or false alarm rates were equal to one or zero the scores were replaced with 1-1/(2 * number of responses) and 1/(2 * number of responses), respectively, where responses refer to the total number of trials to which a participant made a button press. Hit and false alarm rates were z-transformed by taking the inverse of the normal cumulative distribution with mean zero and standard deviation one. D-prime was then calculated as zHit-zFA. Criterion was calculated as −0.5*(zHit + zFA).
On the context memory tests no new items were presented. We therefore calculated for the temporal context test a corrected memory score for CS+ and CS− items as the difference between z-transformed correct and incorrect responses, and considering difficulty of the task limited analyses to very sure and sure responses: for acquisition (very sure day 1+ sure day 1) − (sure day 2 + very sure day 2), and for extinction (very sure day 2+ sure day 2) − (sure day 1 + very sure day 1). For the associative context memory test we similarly calculated a corrected memory score for CS+ items that were followed by a shock during acquisition, and for CS+ items and CS− items from acquisition and extinction that had not been followed by a shock as the difference between z-transformed correct and incorrect responses; for the CS+ items from acquisition that had been followed by a shock (very sure shock + sure shock) − (sure no shock + very sure no shock), and for the other items (very sure no shock + sure no shock) − (sure shock + very sure day shock).
For the shock estimation memory test the number of estimated shocks for the CS+ and CS− category served as US estimation scores 14 .
SCR acquisition and analyses. SCR was assessed with pre-gelled snap electrodes (BIOPAC EL509) placed on the hypothenar eminence of the palmar surface of the non-dominant hand. Data were collected using BIOPAC MP-100 System (Goleta, CA) and continuously recorded at 200 samples per second. SCR data was assessed using an in-house analysis program written in Matlab (the MathWorks) and using FieldTrip 71 . Data were low-pass filtered at 5 Hz. Responses were determined for each trial as the peak-to-peak amplitude difference in skin conductance of the largest deflection in the latency window from 0-8 s after stimulus onset, i.e. maximum SCR value minus the minimum value that preceded the maximum value in time. The raw skin conductance responses were square root transformed and analyses were restricted to non-reinforced trials only, in accordance with previous literature 14, 32, 72, 73 where we note that previous reports have found no difference in responses to reinforced and non-reinforced items 32, 33, 61 . Mean scores for the early (first half of the trials of a task) and late (second half of the trials of a task) phase were calculated for each task. A delta-recovery score was calculated as the difference between SCR to the first trial of the recovery test and the last trial of extinction for the CS+ and CS− separately.
Statistics. The d-prime, criterion, and corrected temporal-and associative context memory scores were subjected to task (acquisition, extinction) × CStype (CS+, CS−) × group (reminder, no-reminder) repeated measures ANOVAs. The shock estimation memory scores were subjected to a CStype (CS+, CS−) × group (reminder, no-reminder) repeated measures ANOVA. For analyses of SCR data from acquisition and extinction we ran phase (early, late) × CStype (CS+, CS−) × group (reminder, no-reminder) repeated measures ANOVAs (see Table S1 ). The delta recovery scores were entered into a CStype (CS+, CS−) × group (reminder, no-reminder) repeated measures ANOVA. Statistics were Greenhouse-Geisser or Huyn-Feldt corrected for non-sphericity when appropriate. For the follow-up control experiment we followed the same analyses comparing the original reminder group with the reminder immediate memory test group. Significant findings from ANOVAs were followed up by paired-and independent samples t-tests. As we were particularly interested in the retroactive effect of a reminder on episodic memory encoded 24 h hours earlier, we planned comparisons on the items from acquisition specifically. Otherwise tests are indicated as post-hoc t-tests. Relevant mean ± s.e.m. values are provided in figure legends.
Significance statement. Contemporary research suggests that calling a memory to mind can temporarily renew its flexibility, referred to as reconsolidation, and make it vulnerable to alteration. Most research on reconsolidation has focussed on altering learned threat responses. But because of differences in study approaches it is unclear if other components of a memory, such as knowing the events that make up an episodic experience, can also become flexible. Here we united the different approaches and show that a reminder can renew flexibility of episodic memory for threatening events. Our results highlight the flexible nature of memory and suggest that targeted interventions may also alter episodic components of our memories.
